The National Institute of Standards and Technology (NIST) developed a prototype field test standard (FTS) that incorporates three test methods that could be used by state weights and measures inspectors to periodically verify the accuracy of retail hydrogen dispensers, much as gasoline dispensers are tested today. The three field test methods are: 1) gravimetric, 2) Pressure, Volume, Temperature (PVT), and 3) master meter. The FTS was tested in NIST's Transient Flow Facility with helium gas and in the field at a hydrogen dispenser location. All three methods agree within 0.57 % and 1.53 % for all test drafts of helium gas in the laboratory setting and of hydrogen gas in the field, respectively. The time required to perform six test drafts is similar for all three methods, ranging from 6 h for the gravimetric and master meter methods to 8 h for the PVT method.
Introduction
Today's fuel cell electric vehicles are typically refueled with pre-cooled hydrogen (H 2 ) gas from dispensers within 3 to 5 minutes using sequential gas releases from a bank of pressurized cylinders. The sequential releases generate large, rapidly-changing, gas flows (0 kg/min to 10 kg/min) spanning a wide pressure range (0.1 MPa to nominally 70 MPa) at gas temperatures down to -40 °C. While there have been studies of high pressure hydrogen flow meters under steady flow conditions [1, 2] , measuring the flow under rapidly changing temperature, pressure, and flow conditions has received less attention. Prior research in our Transient Flow Facility (TFF) shows that coriolis mass flow meters can measure the totalized flow within 1 % under simulated H 2 dispenser conditions [3] . Therefore, it is feasible for well-designed commercial hydrogen dispensers to meet the proposed international requirement of 1.5 % accuracy for dispensing units [4] .
Here, our attention turns to how state weights and measures inspectors will verify the accuracy of dispensers in the field. A similar effort is underway in the state of California in cooperation with the National Renewable Energy Laboratory [5] . What will be the analog of the 5 gallon test measures presently used to check gasoline dispensers [6] ?
In this work, we tested three methods for field testing H 2 dispensers: 1) gravimetric; where the mass dispensed is determined by weighing a hydrogen pressure vessel (i.e., tank) before and after filling it with H 2 , 2) Pressure, Volume, Temperature (PVT); where the mass dispensed into the tank is determined from the tank's internal volume and gas density (ρ) change from before and after filling, and 3) master meter (MM); where the mass dispensed is determined by integrating a well calibrated flow meter's measurements of the H 2 gas being blowndown (or withdrawn) from the filled tank. This work was performed in two parts: 1) a laboratory phase [7] and 2) a field phase. An uncertainty analysis is provided for each method. The desired uncertainty is 0.5 %, one third of the proposed requirement of 1.5 % for dispensing units. We constructed a prototype field test standard (FTS) to compare the three methods in terms of ease of use, time efficiency, and uncertainty. All three methods agree within the expected uncertainty of 0.57 % for all test drafts of helium (He) gas in the laboratory setting. Figure 1 shows these results for five test drafts of 0.5 kg, 1 kg, and 1.7 kg He gas. All three methods agree within 1.53 % for the test drafts of H 2 gas in the field setting. Figure 2 shows these results for three test drafts of 0.41 kg and four test drafts of 0.75 kg H 2 gas. A larger uncertainty was expected for the field tests than the laboratory tests due to the use of different pressure sensors that are suitable for use in H 2 gas. These sensors' calibrations drift over time. The disagreement in the field is more than the expected uncertainty due to excessive pressure sensor drift.
Fig. 1.
Comparison of the three test methods for the test draft of 0.5 kg, 1 kg, and 1.7 kg of He gas. The error bars are the k = 2 expanded measurement uncertainty corresponding to a confidence level of 95 %.
The average of all three methods is used as the reference value (difference = 0).
Fig. 2.
Comparison of the three test methods for the test draft of 0.41 kg and 0.75 kg of H 2 gas. The error bars are the k = 2 expanded measurement uncertainty corresponding to a confidence level of 95 %.
The purpose of the laboratory phase was to design, construct, and test a FTS in a controlled environment, i.e., NIST's Transient Flow Facility (TFF) and using He as a surrogate gas for H 2 . The TFF allows us to: 1) evaluate each field test method without the time constraints that will be encountered in the field, 2) use a more-accurate pressure gauge that is incompatible with hydrogen, and 3) achieve more reproducible results under controlled environmental conditions. The purpose of the field test phase was to verify the laboratory results using H 2 gas in a more challenging setting; an outdoor H 2 dispenser.
Experimental Design

The Field Test Standard
The FTS consists of a 35 MPa (at 15 °C), 1 kg H 2 capacity storage tank that is mounted into a frame made from 2.5 cm 2 T-slotted aluminum with casters for mobility. The storage tank is a Type III cylinder; a seamless aluminum liner fully wrapped with a continuous filament made of carbon fiber in an epoxy reinforcement laminate [8] . The empty weight of the FTS is approximately 80 kg. Figure 3 shows the FTS in the horizontal position. For density measurements, the FTS is equipped with two, 46 cm long type K thermocouples (TCs) inserted at each end (to reduce stem conduction errors, TCs with a long insertion depth were chosen) and two analog pressure sensors; one with a 35 MPa range and one with a 1.4 MPa range. A plumbing and instrumentation diagram is shown in Fig. 4 . A detailed description of the operating instructions and specifications can be found in the NIST technical publication NIST-TN 1888 [9] . Accompanying the FTS are 1) a 150 kg capacity weigh scale with 1 g resolution for gravimetric measurements, 2) a 3.7 m x 3.7 m tent with ventilated holes to protect the weigh scale from the environment, 3) a portable data acquisition (DAQ) system and laptop with acquisition software, 4) a 0.95 cm diameter, 3.05 m tall stainless steel vent stack with support stand for venting H 2 gas in the field, and 5) a hand truck with a tie down strap for moving the FTS securely while in the vertical position; the FTS must be in the vertical position during testing due to the position and orientation of pressure relief valves.
The pressure relief valves were tested and found to be leak free. The DAQ box supplies power to the master meter and acquires data from the temperature and pressure sensors. All wires can be easily plugged into or unplugged from the DAQ box and coiled on the FTS frame to eliminate torqueing of the scale during weighing. Figure 5 shows the weighing tent setup and the FTS on the scale with wind screens around it in the field setting. Figure 6 shows the FTS at the H 2 dispenser with accompanying DAQ box, laptop and vent stack. Elastomer materials are subject to H 2 embrittlement just as metals are [10, 11, 12] , therefore all valves have H 2 compatible seating material. All plumbing on the FTS and the diaphragm in the pressure sensors is 316-stainless steel. The TC sheath material is Inconel 1 .
Fig. 3.
Portable FTS in horizontal position.
1
Certain commercial equipment, instruments, or materials are identified in this paper to foster understanding. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the best available for the purpose. There is one check and one ball valve (valve #2) at the inlet for purge gas. The FTS tank must be purged of all H 2 gas before vehicular transport. The tank outlet has one ball valve (valve #3) upstream from a non-venting regulator that is used to control the flow through the master meter when blowing the tank down. Valve #4, a ball valve, and pressure relief valve #2 protects the low ranged pressure sensor when the tank is pressurized above 1.4 MPa. 
Laboratory Test Protocol:
The Laboratory tests were carried out to mimic field tests as closely as possible. The smallest quantity verified is specified by the dispenser manufacturer and is termed the minimum measured quantity (MMQ) and is 0.5 kg for the tests presented here. The maximum quantity is limited by the H 2 storage tank capacity of approximately 1.7 kg He (1 kg H 2 ) at 34.5 MPa (5000 psi) and 15 °C. NIST Handbook 44 [13] recommends three consecutive test drafts of approximately the same size of the MMQ and the greater of 10 times the MMQ or 1 kg. We performed five test drafts for the collection of 0.5 kg, 1.0 kg, and 1.7 kg He gas. The small collection tank limited us from testing 10 times the MMQ. A coriolis mass flow meter was installed upstream of the FTS tank to aid in delivering the same total mass to the tank to assess the draft-to-draft repeatability (Fig. 7) . The pressure and temperature in the tank was monitored continuously during the fill. If the temperature had reached 80 °C (85 °C is the maximum design temperature of the pressure vessel), the fill would have been halted by the operator [14] .
NIST's TFF served as the 35 MPa gas source to fill the FTS. We used flexible compressed natural gas hoses (0.64 cm diameter) that can be easily connected to and disconnected from the FTS to fill the FTS tank and to blow-down the gas into the TFF low pressure tanks. The TFF high capacity compressor re-pressurizes the high pressure tanks so the measurement can be repeated. Table 1 gives the target mass (m) of gas and the corresponding pressures P(m) at 20 °C that were collected during the laboratory tests and the field tests. We calculated the uncertainty for each measurement method based on the propagation of uncertainty as described in [15] , Section 4 in this paper, and in [7] . The expanded 2 uncertainties are included in Table 1 (k = 2). The field tests were conducted in the same manner as the laboratory tests. The main differences were 1) the collection tank inlet was replaced with a standard 35 MPa hydrogen nozzle receptacle [16] and 2) the H 2 gas was released to the atmosphere via the vent stack instead of collecting it for reuse. This is primarily for gas purity concerns. H 2 Fuel cell electric vehicles must have pure H 2 to function properly [17] . The pressure and temperature was continuously monitored in the FTS tank during filling and blow-down of the collected gas. The hydrogen station operator disabled the dispenser readout during tests; we conducted these tests to evaluate the FTS, not the dispenser. Therefore, the tank pressure was used to aid in delivering the same quantity of gas during repeated test drafts.
The purpose of the FTS is to measure the mass of gas that is delivered into a vehicle. The mass dispensed into a vehicle as determined by the dispenser is the mass measured by the dispenser's meter minus the mass in the 2 Expanded uncertainty is the k = 2, corresponding to a 95 % confidence level. The standard uncertainty k = 1, corresponds to a 68 % confidence level.
refueling hose at the end of a fill. Because we are comparing various field test methods, the gas in the dispenser's hose is not a concern for these tests.
We followed 7 steps in the laboratory and the field to collect mass flow measurements with the FTS by all three methods: 1) Weigh the FTS with all sensor wires disconnected, coiled and attached to the frame and record atmospheric conditions for an initial tank mass measurement for the gravimetric method.
2) Plug the sensors into the DAQ box and make temperature and pressure measurements for an initial mass measurement for the PVT and master meter methods.
3) Connect plumbing from the gas source to the FTS inlet and fill the tank to the target mass. During the fill, temperature and pressure measurements are monitored and archived. 4) Wait for thermal equilibration of the tank and conduct final temperature and pressure measurements for a final mass determination for the PVT method. 5) Disconnect the inlet plumbing; re-coil all sensor wires and attach them to the FTS frame, and weigh the FTS for a final mass measurement for the gravimetric method. 6) Connect the outlet plumbing from the FTS to the TFF low-P tanks (laboratory) or the vent stack (field) and connect the temperature and pressure sensors and power for the coriolis master meter. Blow-down the gas through the master meter by opening the regulator at the FTS outlet. The master meter transmitter displays the totalized mass through the meter and therefore automated acquisition is not necessary.
7)
Following the blow-down through the master meter and after thermal equilibrium is reached; measurements are again made to determine the mass left in the tank for the master meter method.
Results
Method Comparison
All three methods performed in the laboratory with the FTS agree within 0.57 %. Figure 1 shows the difference between the three methods and their average for 0.5 kg, 1 kg, and 1.7 kg He test drafts. The gravimetric method generally reads higher than the PVT and MM methods, on average by 0.28 %. The master meter and the PVT methods use the same measurement for the starting mass in the FTS, therefore, errors in their results are correlated.
All three methods performed in the field with the FTS agree within 1.53 %. Figure 2 shows the difference between the three methods and their average for 0.41 kg and 0.75 kg H 2 test drafts. The PVT method has the largest uncertainty because 1) the pressure sensors drifted at some point during the field tests and 2) the temperature gradient in the collection tank was slightly larger than expected when the gas density measurements were made. The master meter and scale also had drift problems that are detailed in Section 4.
Temperature and Pressure Profiles while Dispensing
The dispenser used to test the FTS is a type D dispenser, i.e. there is no pre-cooling of the gas and the TFF operates like a type-D filling station. Therefore, to safely fill our Type III cylinder, the mass flow was controlled such that the temperature in the tank stayed well below 80 °C (353.15 K), the temperature at which the carbon fiber and epoxy wrapping may start to weaken.
The ambient temperature plays a significant role in how fast the FTS tank can be safely filled. Figure 8 shows pressure/mass flow rate and temperature profiles for the test draft fills of 1 kg and 1.6 kg helium gas in the laboratory. The room temperature was approximately 16 °C the day the 1 kg draft was collected and 18 °C the day the 1.6 kg draft was collected. The lower room temperature allowed for a larger average pressure ramp rate (PRR) and a fill time of only 6 minutes. A 1.6 kg draft at the same PRR would require 9.6 minutes. However, because the room temperature was higher, the PRR was lower and a longer fill time of approximately 25 minutes required in order not to exceed the temperature rating of the tank.
The ambient temperature varied in the field from 20.2 °C to 23.3 °C during the collection of three test drafts of approximately 0.41 kg H 2 gas. This allowed us to fill the FTS tank within 3 minutes for all test drafts of this quantity with average PRRs ranging from 4.5 MPa/min to 7 MPa/min. During the collection of approximately 0.75 kg H 2 gas, the ambient temperature varied from 16.3 °C to 24.5 °C. The PRRs varied from 2.8 MPa/min to 7.0 MPa/min. The quickest test draft of 0.75 kg H 2 was performed at 18.5 °C and took less than 5 minutes. The longest test draft was performed at 24.5 °C and took less than 12 minutes. The test draft taken during the cooler ambient temperature was faster and the internal gas temperature stayed approximately the same compared to the test draft taken at the higher ambient temperature. Figure 9 shows the FTS collection tank temperature and pressure during these two test drafts.
The internal temperature of the gas stayed well below 80 °C during all test drafts in the laboratory and field demonstrating the PRR could have been higher resulting in shorter fill times. Fig. 8 . Pressure, mass flow, and temperature for the FTS tank during the test draft of A) 1 kg and B) 1.6 kg He. In (A), at approximately 4 min, one high P tank was depleted and a second one opened to finish the collection. In (B), all four of the TFF high P tanks were used for the collection. At approximately 10 min, 18 min, and 24 min a high P tank was closed and another opened. The temperature trace is the average of the two TCs in the FTS tank. 
Description of the Three Mass Measurement Methods
PVT method:
The mass dispensed (∆m PVT ) into the FTS is calculated by:
where ρ 1 and ρ 2 are the initial and final gas densities, and V 1 and V 2 are the initial and final volume of the FTS tank, respectively. The gas density is given by:
;
where P is the gas pressure, M is the gas molar mass, R is the universal gas constant, T is the gas temperature, and z is the compressibility factor. The NIST properties database REFPROP [18] is used for density calculations. The FTS tank volume is a function of T and P and is given by:
where V ref is the FTS tank volume at 20 °C and 101 kPa, λ = 2.4x10 -7 kPa -1 is the pressure expansion coefficient, α = 3.0x10 -6 °C -1 is the linear thermal expansion coefficient, and ∆T and ∆P are the difference of the temperature and pressure from the reference values, respectively. The thermal expansion coefficient of the pressure vessel was provided by the manufacturer. The pressure expansion coefficient was calculated from manufacturer's values of the tank volume at 100 kPa and at 43 MPa. An expanded uncertainty of 20 % was assigned to each of these values because we are relying on manufacturer's data. Inserting Eqns. 2 and 3 into Eqn. 1 gives the governing equation for the mass dispensed via the PVT method:
4.1.1 Tank volume determination: We used the volume expansion method [19] to measure the volume V ref = 39 530 cm 3 at a pressure of 101 kPa with expanded uncertainty of 0.17 %.
Pressure measurements:
For the laboratory tests, a resonant silicon gauge pressure transducer calibrated by the NIST Thermodynamic Metrology Group and two intrinsically safe analog sensors were used for pressure measurements. The resonant silicon gauge sensor has a higher accuracy than the analog sensors that use piezoelectric technology for sensing and is therefore called the 0.01 % pressure sensor. The analog pressure sensors were calibrated against the 0.01 % pressure sensor. The two analog sensors have ranges of 35 MPa (5000 psig) and 1.4 MPa (200 psig). The higher ranged sensor is used for measurements when the FTS tank is "full" and the lower ranged sensor is used when the FTS tank is nearly "empty". The 0.01 % pressure sensor is not intrinsically safe and therefore cannot be used for field tests with H 2 .
All sensors were calibrated the week prior to traveling to the field test site and upon return to NIST. The calibration upon return of the low and high range pressure sensors' showed a 0.5 % shift in the low range sensor over its measurement range and a 1.7 % to 1.57 % shift in the high range sensor at approximately 16 MPa and 31 MPa, respectively. These pressure sensors demonstrated the tendency to drift in the laboratory as much as 0.065 % and 1.34 % for the low and high ranged sensor, respectively over a period of 90 days. Therefore, we knew drift was a possibility, however, we did not expect drift of this magnitude over the period of the field tests (< 1 week). The shift in the sensors' calibration is taken as the upper limit of a rectangular distribution and rootsum-squared with the uncertainty of the working calibration standard (0.006 %) and the standard deviation of the fit residuals from the calibration. The FTS is designed for use outdoors under a wide range of temperature conditions; therefore, an assessment of the cold junction compensation by the TC DAQ card was made. The details of this assessment can be found in a prior publication that describes only the laboratory tests [7] . However, the field tests were carried out under very similar temperature conditions as the laboratory tests and therefore this added uncertainty can be ignored in this case. The atmospheric temperature ranged from 288 K to 295 K in the laboratory and from 290 K to 298 K in the field.
The TCs did not show a significant drift in their calibration after returning to NIST from the H 2 dispenser site (< 200 mK or ≈ 0.07 %), however, the temperature gradient in the FTS tank during the density measurements in the field tests was greater than during the laboratory tests (because we waited for thermal equilibrium in the lab but not in the field). Hence there is a larger uncertainty component for the field test measurement for spatial non-uniformity. The difference in the two sensors that measure the internal FTS tank gas temperature varied from 0.11 °C to 7.45 °C during the density measurements following a 20 minute wait after filling and after blowing the gas down (Table 2) . Because the average measurement of the two TCs was used for density calculations in the FTS tank, the largest deviation in sensor reading from the average (1.24 %) was used, considered to have a rectangular distribution, and root-sum-squared with the other uncertainty components. Therefore, the standard uncertainty in the temperature measurements ranges from 0.01 % 0.07 %/√3 1.24 %/√3 0.72 % to 0.01 % 0.07 %/√3 0.042 % for field and laboratory tests, respectively. 
The full uncertainty budget for this method has been published previously [7] and therefore will not be repeated here. Table 1 gives the expanded uncertainty for each measurement method in the laboratory and in the field. Table 3 compares the contributions of uncertainty components of the PVT method in the laboratory setting to that in the field for a test draft of approximately 0.5 kg. In the laboratory, the largest contributors to the uncertainty are 1) the volume of the FTS tank followed by 2) the compressibility factor z 2 and 3) the final gas temperature. However, in the field the larger uncertainty pressure sensors are used and the temperature spatial gradient in the tank during density measurements is relatively large. Therefore, the tank temperature and pressure when "full" become the dominating uncertainty components. 4.1.5 Feasibility of the PVT method in field tests: There are two reasons why the PVT method was not ideal for our field tests. First, the commercially-available, intrinsically-safe pressure sensors have significant calibration drift, making their measurements too unreliable for the 0.5 % uncertainty goal for the mass measurement. The highest ranged pressure sensor is the largest contributor to the uncertainty in the mass determined by the PVT method. As mentioned in section 4.1.2, the sensor demonstrated a drift of up to 1.7 % during its use in the weeklong field tests. This calibration shift leads to an overall uncertainty in the mass measurement of 1.83 %.
The second disadvantage, shared with the master meter method, is that quasi-thermal equilibrium must be reached in the FTS before accurate temperature and pressure measurements can be made. Because field tests are repeated a minimum of three times at the MMQ and at the maximum capacity of the FTS tank [13] , there are two times (for each test draft) when thermal equilibrium is necessary: 1) following the release of the previous test draft, and 2) following the fill of the current test draft. Figure 10 illustrates the process for three test drafts. This process is repeated a second time for the other quantity of gas to be collected. The time to wait depends on the atmospheric temperature and the resulting temperature of the gas inside the FTS during a fill or blow-down. The wait time will increase as the temperature difference between the gas inside the tank and the atmosphere increases. The factors that influence this difference are 1) the rate of the fill (or pressure ramp rate (PRR)), 2) the pressure blow-down rate (PBDR), and 3) the atmospheric conditions. Fig. 10 . Illustration of the number of times thermal equilibrium must be reached for the PVT method in the FTS during three repeats of the collection of a specified amount of gas.
The average PRR affects the FTS tank temperature because the tank heats up due to gas compression while being filled. In general, the less mass dispensed into the tank and the lower the PRR, the less the FTS tank heats when being filled. Figure 11 shows the PRRs used in the laboratory and field tests and the resulting difference in the tank gas temperature before the start of the fill and immediately after the fill is stopped; i.e. as soon as the dispenser is shut off. Fig. 11 . Relationship between the pressure ramp rate (PRR) and the increase in internal tank temperature during filling.
The PBDR affects the FTS tank temperature in a similar manner as the PRR. In general, the smaller amount of mass blown-down and the lower the PBDR the less the FTS tank will cool due to expansion of the gas leaving the tank. Figure 12 shows the PBDRs used in the laboratory and the field and the difference in the FTS tank internal temperature before blowing the gas down and immediately after the blow-down. We blew the H 2 gas down slower than the He gas because H 2 gas diffuses into elastomer materials in the FTS tank when it is under high pressures and it is necessary to release it slow enough for the H 2 molecules to diffuse out of the elastomers without damaging them. In the laboratory, we could blow the He gas down at faster rates.
Fig. 12.
Relationship between the pressure blow-down rate (PBDR) and the decrease in internal tank temperature during blow-down.
It was shown in our original publication on the laboratory tests [7] that a 20 minute wait time following a blowdown and subsequent fill results in less than a 0.1 % error in the dispensed mass measurement. Because of the thermodynamic similarity between He and H 2 [18] , we made the assumption that H 2 would behave likewise.
In the field, we waited 20 minutes before taking density measurements in the FTS tank following each fill and blow-down. After this wait time, the temperature gradient in the tank following a fill was a few degrees higher than in the laboratory and approximately the same as in the laboratory following a blow-down. Figure 13 shows the difference between the two temperature sensors in the FTS tank immediately following multiple fills (A) and blow-downs (B) and after waiting 20 minutes for the field and laboratory test drafts of approximately 0.75 kg H 2 and 1 kg He.
The FTS tank temperature gradient is larger following the 20 minute wait period for the collection of H 2 gas than immediately after the collection (Fig. 13A ). This could be explained by the larger PRRs used for H 2 test drafts compared to He and possible improved gas mixing in the tank as it is filled; the temperature gradient develops once filling is halted. The larger thermal gradient following the collection of H 2 after a 20 minute wait compared to He can also be explained by the larger PRRs used.
Typically the temperature of the gas in the FTS tank immediately following the blow-down of 0.75 kg H 2 gas has an approximate 6.5 K higher thermal gradient compared to 1.7 kg He (Fig. 13B ). This can be almost completely explained by the existence of a thermal gradient in the FTS tank prior to the beginning of the blow-down as is shown in Table 2 . Because we did not wait for thermal equilibrium in the FTS tank in the field, like in the laboratory tests, we can only make predictions on what the equilibrium pressure and temperature will be and hence the error in the dispensed mass measurement. A simple lumped heat transfer model was used: ,
where t is the time, T is the temperature at time t, T 0 is the initial temperature at time zero, is the temperature of the environment at the time of the test draft, and is the time constant. Once the temperature profile in the tank as a function of time is calculated and assuming the mass in the tank is that measured by the gravimetric method, Eqn. 4 is used to predict the tank pressure. Therefore, the mass dispensed can be calculated as a function of time and compared to the calculated equilibrium value. Figure 14 demonstrates how Eqn. 7 is used to predict the temperature as equilibrium is reached. Figure 14A shows the FTS tank temperature and pressure during the blow-down of H 2 test draft #3 (the pre-fill conditions for test draft #4) and the fill for test draft #4. This test draft was chosen for the example because it has the largest differences in the two temperature sensors during the density measurements (Table 2) .
Following the blow-down and the fill we let 20 minutes elapse and we recorded and averaged the tank gas temperature and pressure for approximately 1.5 minutes. These averages are used to calculate the pre-fill and post-fill gas density. There are 20 minute gaps in the data because we used this time to weigh the FTS tank for the gravimetric measurements. The bottom graph in Fig. 14B show the predicted temperature behavior in the FTS tank via Eqn. 7 and the percent difference in the calculated mass dispensed from the value calculated at thermal equilibrium. Despite the disagreement between the two TCs, at 20 minutes the difference in the dispensed mass calculation is less than 0.1 % as expected from the laboratory tests. When determining the 20 minute wait time, the added uncertainty in the density measurement was considered. If the pressure sensor did not drift, the expanded uncertainty in the PVT method would increase from 0.22 % in the laboratory to 0.47 % in the field, within the 0.5 % target. Figure 15 shows the equivalent of Fig. 14B for the blow-down and fill of 1 kg He gas in the laboratory. 
Gravimetric Method:
The dispensed mass (∆m grv ) into the FTS is calculated by:
where m is the true mass and the subscripts 1 and 2 denote the mass of the FTS pre-filling and post-filling, respectively.
The scale indicated mass (m a ) is buoyancy corrected to determine the true mass via the equation: ; where ρ air is the density of the air surrounding the tank, a function of atmospheric pressure, temperature, and relative humidity (P, T, RH) and the molar mass of air. V is the volume of the FTS tank. Therefore:
Inserting Eqn. 3 for the volume of the FTS tank into Eqn. 9 leads to the governing equation for mass determination for the gravimetric method:
4.2.1 Uncertainty in the gravimetric measurement method: The uncertainty in the gravimetric measurement can be calculated by:
where the are the 11 measurands in Eqn. 10: , The weigh scale used in these measurements has resolution of 1 g and that is the largest contributor to the uncertainty in the gravimetric measurement. Calibration of the scale against NIST standard masses introduces a gain correction factor that differs by only 0.02 % from unity. The weigh scale was calibrated after it was set up at the field location. Checks of the calibration throughout testing showed drifts in and out of calibration with a maximum of 0.031 %. No significant drift was observed in the laboratory setting. This is treated conservatively as a rectangular distribution leading to an added uncertainty of 0.018 % during field use due to scale drift. The weigh scale drift could possibly be caused by wind currents that were present in the field and not in the laboratory setting.
An atmospheric monitor was used to measure the air density with uncertainty of 0.32 % (k = 1). Because the temperature and pressure measurements inside the FTS tank that were discussed in detail in Section 4.1 are only used for determining the FTS tank volume for buoyancy corrections, their combined contribution to the overall uncertainty budget is < 10 -4 %. Table 4 compares the contributions of uncertainty components of the gravimetric method in the laboratory setting to that in the field for a test draft of approximately 0.5 kg. Scale drift is the only reason why this method has an increased uncertainty in the field compared to in the laboratory. The conventional correction factor for buoyancy effects used by scale manufacturers to turn apparent mass readings into true mass readings is 1 ⁄ , where the conventional values for the density of air and stainless steel are 1.2 kg/m 3 and 8000 kg/m 3 , respectively at P = 101.325 kPa, RH = 50 %, and T = 293.15 K. The density of stainless steel is used because the masses
In the laboratory and field tests, environment T, P, and RH measurements were made simultaneously with the gravimetric measurements in order to make buoyancy corrections. Buoyancy corrections become more significant if the environmental conditions change between weighing the empty and full FTS tank before and after taking a test draft. The magnitude of the changes in environmental T, RH, and P during a test draft in the laboratory and the field were similar. In the laboratory, the maximum change observed was 1.5 K, -2.6 %, and -300 Pa. In the field, the maximum change observed was 1.62 K, -4.4 %, and -26 Pa. If these buoyancy corrections were ignored during our 0.5 kg He and the 0.41 kg H 2 test drafts, mass measurement errors of 0.029 % and 0.032 % would result, respectively.
To estimate the maximum importance of making buoyancy corrections in the field, we considered extreme environmental conditions. The day time T, RH, and barometric P during the winter and summer seasons were investigated for multiple locations within the United States. Of the locations we considered, the location with the highest daytime air density is Anchorage, Alaska in the winter. The location with the lowest daytime air density is Alma, Colorado in the summer. Phoenix Arizona was also investigated and found to have the next lowest daytime air density in the summer. Table 5 gives the parameters for these locations. Figure 16 shows the error in the gravimetric measurement if buoyancy corrections are not made in these locations. The error has been calculated for the non-conventional environmental conditions with 1) no change in conditions between weighing the "empty" and "full" FTS and 2) assumed changes in T, RH and barometric P of 5 K, -5 %, and -300 Pa, respectively. These changes are reasonable estimates of what will be encountered during field tests and therefore give an estimate of the error in gravimetric measurements if they are not buoyancy corrected. These corrections become more significant as the atmospheric density increases from the conventional value, as in Anchorage AK, where the error is as large as 0.17 % with the mentioned changes in environmental conditions. 
Master meter method:
Following the fill of the FTS tank, the gas is blown down through a coriolis master meter. The mass that filled the FTS tank (∆m MM ) is calculated by:
where ∆m CM is the mass totalized by the coriolis master meter, ∆m FTS and ∆m CV are the change in mass after blow-down compared to before filling in the FTS tank and in the connecting volume between the FTS tank and the master meter, respectively (mass post blow-down -mass pre-filling). The connecting volume is less than 9 cm 3 , less than 0.022 % of the FTS tank volume and therefore, mass measurements in it can be neglected without significant measurement uncertainty.
Calibration of the master meter:
The master meter is a coriolis meter with two 0.15 cm diameter flow tubes. The meter was calibrated under steady state conditions on NIST's PVTt system [20] . The master meter is used as received from the manufacturer and therefore corrections are not made to its readings, which agree with the PVTt standard within 0.36 % under steady flow conditions. Furthermore, the meter zero was verified under a no flow condition using the manufacturer's software prior to use every day in the laboratory and in the field. It never failed verification and therefore, we never performed a zero calibration. Figure 17A shows the results from this steady state calibration. The 0.36 % can be treated as the boundary value in a rectangular distribution so the meter has a base standard uncertainty of 0.21 %.
In experiments independent from those used to produce Fig. 1 , we used the PVT system to assess the uncertainty in the master meter due to the transient conditions produced when blowing the gas down from the FTS tank. Figure 17B shows the agreement between the two methods for these experiments prior to field tests (< 0.19 %) and after field tests (< 0.33 %). The 0.19 % can be treated as the boundary value in a rectangular distribution so the meter has added standard uncertainty due to usage during transient flow of 0.11 %. The steady-state uncertainty root-sum-squared with the transient uncertainty leads to an overall standard uncertainty for the totalized mass according to the master meter of 0.24 % in the laboratory. The cause of the apparent offset of 0.14 % in the calibration results shown in Fig. 17B is not known. Possible causes are exposure to H 2 gas and transport. The meter was not exposed to pressures greater than 1034 kPa during the H 2 gas blow downs. The shift increases the standard uncertainty of the master meter to 0.28 %; therefore, the expanded uncertainty is outside of the 0.5 % target.
Fig. 17.
A) Difference between the master meter and NIST's PVTt primary standard during steady flows. B) Difference between the master meter and PVT measurements made by blowing the collected gas down from the FTS tank before (blue stars) and after (red crosses) the H 2 field test.
Uncertainty in the master meter method:
The uncertainty in the master meter measurement can be calculated by:
where the are the 3 measurands in Eqn. 12: ∆ CM , ∆ FTS , and ∆ CV and where S xi is the normalized sensitivity coefficient for each variable. The values of S xi are calculated with Eqn. 6 by replacing ∆ with ∆ MM .
Taking the partial derivative of Eqn. 12 for each component shows that the sensitivity coefficients are directly proportional to the fraction of total mass each component represents. The closer the mass in the FTS tank is following the blow-down through the master meter to that before the FTS tank was filled, the less ∆m FTS contributes to the overall uncertainty. The largest change in this mass during the laboratory tests was 18.7 g of He, which represents a 288 kPa (42 psi) change at constant temperature of 290 K. The uncertainty in the ∆m FTS measurement in the laboratory setting is less than 0.12 % with the FTS tank volume being the largest contributor. The largest change in this mass during the field tests was 7.9 g of H 2 , which represents a 241 kPa (35 psi) change at constant temperature of 290 K. The uncertainty in the ∆m FTS measurement in the field setting is less than 0.83 % with the temperature measurement dominating the uncertainty due to spatial non-uniformity. Regardless if the ∆m FTS measurement was made in the laboratory or the field the normalized sensitivity coefficient is < 0.04 and thus the contribution to the overall uncertainty in the master meter method is < 0.3 %. Table 6 compares the contributions of uncertainty components of the master meter method in the laboratory setting to that in the field for a test draft of approximately 0.5 kg. Therefore, gas will be blown-down from the FTS tank before it is filled for the next test multiple times. As a consequence, the temperature of the gas left in the tank following the blow-down is initially cold, but will warm to the environmental temperature. Because the temperature and pressure sensors have response time lags, the density measurements made following the release of gas have errors from the un-steady conditions. Due to time constraints in the field it is difficult to wait for thermal equilibrium. Therefore, it is necessary to estimate the contribution of unsteady conditions to the uncertainty of the master meter method.
∆m FTS is zero if the mass in the FTS tank following the blow-down through the master meter is equal to the mass in the tank before filling, and hence, there is no need to make density measurements for the master meter measurement method. However, it is impractical to achieve this condition. The measurement error added by not waiting for thermal equilibrium and not having ∆m FTS = 0 was quantified as follows. The FTS was filled with 1 kg He. Helium was blown-down from the FTS tank and measurements were made from the temperature and pressure sensors continuously following the blow-down (Fig. 18A) . Readings from the sensors were averaged every minute while thermal equilibrium was reached and the mass calculated. This is the starting mass in the FTS for the master meter method. This data was used to simulate the conditions in the FTS following a fill and blow-down through the master meter, however, it was altered to not match the pre-fill conditions: temperature was increased by 5 K and pressure by 173 kPa (25 psi), 345 kPa (50 psi), or 690 kPa (100 psi). Figure 18A illustrates the temperature and pressure profile for the 345 kPa increase case. The mass dispensed into the FTS tank (∆m MM ) was calculated using the average density measurements while the tank gas was not at thermal equilibrium and compared to the calculated ∆m MM value at equilibrium. Figure 18B shows the added measurement error as a function of wait time and as a function of not returning to the pre-fill tank pressure. Neglecting meter drift, to keep the master meter measurement uncertainty below 0.5 %, the added uncertainty should not be larger than 0.04 %. This requires wait times of 20 minutes if the starting pressure is within 173 kPa of the ending pressure. This wait time increases to 1.5 hours if the pressure change is as large as 690 kPa. Therefore, for measurements that meet the desired uncertainty and reasonable wait times, the starting (or prefill) pressure should ideally be kept within 173 kPa of the ending (or post blow-down) pressure.
Fig. 18.
A) P and T profile of the FTS tank gas following the blow-down of 1 kg He gas. B) Added uncertainty in the master meter method measurement for not waiting for thermal equilibrium during ∆m FTS measurements.
Summary
All three methods incorporated into the FTS (PVT, gravimetric, and master meter) agree within 0.57 % and 1.53 % in the laboratory and field settings, respectively. All methods 1) allow a gaseous dispenser to perform as it would while filling the compressed gas tank of a small vehicle and 2) can be successfully performed in the field and give equivalent answers. However, not all methods are equally practical in the field.
The lowest uncertainty measurement is the PVT performed in the laboratory with a 0.01 % pressure sensor (resonant silicon gauge). However, we were unable to find commercially-available, high accuracy pressure sensors for use with H 2 ; therefore, the uncertainty in this method increased to 1.83 % due to sensor drift in the field; exceeded the 0.5 % target. As shown in Section 4.1.5, waiting for 20 minutes for thermal equilibrium following a fill or blow-down is adequate to achieve mass measurements with less than 0.5 % uncertainty if the pressure measurements are as accurate as in the laboratory setting. The wait time depends on 1) the rate the tank was filled or blown-down (vented) and 2) the heat transfer from the FTS tank to the environment. If a tank with better heat transfer characteristics were available, less time would be needed for thermal equilibrium and the FTS could make faster measurements. Because of the wait time required for acceptable thermal equilibrium, this measurement method takes the longest amount of time to complete, approximately 8 h for six test drafts, compared to the other two methods that require approximately 6 h for six test drafts. (The time for 6 test drafts assumes it takes 30 minutes to fill the FTS with 1 kg H 2 , 20 minutes to reach thermal equilibrium, 10 minutes to weigh the FTS, and 10 minutes to blow-down the FTS through the master meter.)
The gravimetric method takes less time than the PVT method, and if atmospheric conditions are close to the conventional conditions, buoyancy corrections account for < 0.04 % of the measurement uncertainty. The magnitude of the added measurement uncertainty will depend on: 1) the mass being weighed, 2) the deviation of densities from the conventional values, and 3) the change in environmental conditions between weighing the "empty" and the "full" FTS. In the field tests, the buoyancy correction was as large as 0.032 %. An environmental monitor can account for environmental changes between weighing the "empty" and "full" FTS (Section 4.2.2). Aside from buoyancy corrections, the scale with the capacity needed to weigh the FTS has 1 g resolution making it the largest uncertainty contributor in this measurement.
The master meter method met the measurement accuracy requirement of 0.5 % in the laboratory. However, the meter drifted during the field tests resulting in an increased expanded uncertainty of 0.56 %. If the change in mass in the FTS tank (∆m FTS ) is less than 2 % of ∆m CM , density measurements can be made within 20 minutes following the blow-down through the coriolis master meter. As discussed for the PVT method, the wait time could be decreased if better heat transfer existed between the collection tank and the environment. The master meter method has a significant disadvantage; the meter cannot be easily verified in the field. The meter used in these experiments was carefully handled and was tested extensively under transient flow conditions. The need for field verification could be circumvented by using two master meters in series. This allows the operator to check for consistent measurements and will flag calibration drift, but will increase the component cost of the FTS. If the two meters in series used different sensing technology, they are unlikely to be subjected to the same drift or sensitivity to temperature and vibration.
The tests described here indicate that all three methods can achieve 0.57 % or less uncertainty for a H 2 field test standard for 0.5 kg of gas. The uncertainty is < 0.57 % for larger masses of gas. The laboratory tests and uncertainty analyses give guidance on the importance of proper measurements for each method. The field tests show the importance of sensor selection and sensor verification before and after field tests. We have also gained insight on the relative performance regarding completion time and ease of use of the three methods.
